Two different spray application methods were compared in three vine varieties at 8 different crop stages. A conventional spray application with a constant volume rate per 9 unit ground area (l·ha -1 ) was compared with a variable rate application method designed 10 to compensate electronically for measured variations in canopy dimensions. An air-blast 11 sprayer with individual multi-nozzle spouts was fitted with three ultrasonic sensors and 12 three electro-valves on one side, in order to modify the emitted flow rate of the nozzles 13 according to the variability of canopy dimensions in real time. The purpose of this 14 prototype was to precisely apply the required amount of spray liquid and avoid over 15 dosing. On average, a 58% saving in application volume was achieved with the variable 16 rate method, obtaining similar or even better leaf deposits. 17 18
Introduction 23
The efficiency of plant protection products (PPP) depends on many interacting 24 factors. Crop characteristics (canopy structure, vegetative stage, variety, etc.) , 25 application technique, weather conditions, applied dose rate and others are 26 interdependent factors that allow, in an adequate combination, to achieve high efficacy 27
and efficiency values. 28
Crop-adapted dosing of agrochemicals has been widely discussed in many 29 publications (Furness, 2003; Walklate et al., 2003; Gil et al., 2005; Godyn et al., 2005; 30 Viret et al., 2005; Pergher and Petris, 2008) . In all cases the main goal has been to adapt 31 the total amount of PPP to crop characteristics but difficulties were encountered in the 32 selection of the most suitable crop parameters. The high degree of variability in crop 33 characteristics has increased the difficulty in obtaining general solutions well adapted to 34 all crops and situations. 35
The use of orchard canopy volume as a basis for chemical application rate 36 calculation and system design was discussed and tested by Sutton and Unrath (1984, 37 1988) . The tree row volume concept maintains that chemical rate recommendation and 38 application should be based upon crop canopy volume rather than on land area. 39
Following this methodology other trials have been conducted in order to adapt the spray 40 volume to crop dimensions in vineyards (Siegfried et al., 2007; Pergher and Petris, 41 2008) . In all cases, accurate measurements of crop dimensions are a key factor for final 42 success. The use of electronic devices to measure crop dimensions is not a new idea. 43 McConnell et al. (1983) proposed the use of a system with a vertical mast with range 44 transducers to measure tree extension, from the trunk outward and towards the row 45 middle. More recently, Giles et al. (1989) , using a modified orchard air-blast sprayer 46 equipped with three ultrasonic transducers, concluded that savings in pesticideapplication when using the electronic control system was strongly related to target crop 48 architecture. The same authors concluded that sprayer control based upon target 49 measurement, rather than simple target detection resulted in substantial increases in 50 savings of applied spray liquid. 51
To solve the difficulties encountered in crop characterization and to accomplish 52 the recent EU aim to reduce the total amount of PPP (COM, 2006) , environmentally-53 safe spraying techniques have been developed to spray only when and where needed 54 with reduced losses to the environment ((Doruchowski and Holownicki, 2000) . Recent 55 advances in computer hardware and software, global navigation satellite systems 56 (GNSS), canopy sensors and remote sensing offer opportunities for fast and inexpensive 57 measurements of tree canopy characteristics for variable rate technologies (VRT) 58 (Zaman and Salyani, 2004) . Walklate et al. (2006) 
using a LIDAR (LIght Detection and 59
Ranging) concluded that area-density and height adjustments were the best crop 60 structure parameters on which a simplified scheme for pome fruit spraying could be 61 based on. Rosell et al. (2009) developed a LIDAR-based measurement system for the 62 estimation of physical and structural characteristics of plants (plant volume, leaf area 63 density and leaf area index). The different shapes, sizes and foliar densities found in tree 64 crops during the same growing season, require a continuous adjustment of the applied 65 dose rate to optimize the spray application efficiency and to reduce environmental 66 contamination (Solanelles et al., 2002) . Crop characteristics are directly related to the 67 total amounts of deposit on leaves and values of leaf area and canopy dimensions 68 (mainly height and width) can widely affect the efficiency values, as a relationship 69 between the expected deposit and the actual one (Gil et al., 2005) . 70
Target detection has been developed either by using advanced techniques, such 71 as vision systems and laser scanning, or by ultrasonic and spectral systems. Gil et al. 
Measurement of deposits
Deposit and spatial distribution of spray liquid was measured using EDTA 173 metallic chelates (Mn for conventional application and Zn for the variable rate system) 174 as spray tracers (Gil et al., 2005; Gil et al., 2007; Cross et al., 2001; Murray et al., 2000) 175 at a rate ranging from 0.68 to 1.80 g·l -1 depending on treatment (Table 1) 
Analysis and expression of results 192
Statistical analysis was performed using SAS system v.8 (SAS Institute Inc., 193 Cary, NC, USA).The symbols used are reported in the notation table using a previously 194 defined nomenclature (Pergher and Gubiani, 1995) . In all cases, values of tracer concentration measured on blank samples were included in 223 the calculation and normalization procedure. Prior to statistical analyses, a normal 224 adjustment of the obtained data using a logarithmic transformation was applied in order 225 to stabilize variances (Doruchowski et al., 1996; Gil et al., 2007) . 226 227
Results 228

Quantification of savings 229
One of the objectives of this research was to calculate the total savings in the 230 applied liquid. According to the application rate adjusted for every individual test, Table  231 2 shows the individual and average saving of liquid for all varieties and crop stages. In 232 all cases saving values are greater than 40%, with the highest value for cv. Tempranillo 233 (77%) in the last growth stage (BBCH-scale 85). In this particular situation some 234 pruning before the test probably affected the measurements obtained by the sensors, 235 increasing the distance to the crop and reducing substantially the applied volume (86 236 l·ha -1 ) compared to previous applications, whereas the conventional application volume 237 rate was increased according to the normal procedure in the area. In general, the average 238 savings obtained were approximately 58%, being in accordance with previous research 239 ( Koch and Weisser, 2000; Gil et al., 2007; Moltó et al., 2000; Balsari and Tamagnone, 240 1998; Solanelles et al., 2005) . A detailed reading of results shown in Table 3 proportional leaf recovery D l and spatial uniformity of deposit on the whole canopy 259 measured by the coefficient of variation of total deposit samples ( The spatial uniformity of leaf deposit in the whole canopy, measured by means 269 of the coefficient of variation (CV %) of the total deposit samples on the crop (Table 3 
Discussion 327
Even in uniform vineyards, important differences can be observed in crop width 328 and thus in canopy volume along the line. The use of electronic systems capable to 329 determine these differences in real time and the ability to adjust the working parameters 330 according to these variations is an interesting way to achieve savings in the total amount 331 of sprayed pesticides. 332
The use of ultrasonic sensors together with variable rate electro-valves and the 333 corresponding software for automation, made possible a real time modification of the 334 spray flow rate according to the canopy volume. This allowed a significant reduction in 335 spray volume while maintaining coverage and penetration rates similar or even better to 336 conventional methods. 337
Ultrasonic sensors and their measurements of crop canopy allow tracer deposits 338 to be varied according to leaf distribution in the crop profile. This fact is extremely 339 important in order to obtain leaf deposits close to the intended threshold. 
